When all the cells of a tube are identical, they are unlikely to control how many of them are present in the circumference.
Introduction
Animals contain a large number of tubes, including the gut, the blood vessels, the oviduct and the neural tube. In certain animals, like polyps of Cnidaria, the whole body has the shape of a tube ( Figure 1 ). In most cases, tubes form by invagination or evagination of epithelia, which by themselves may form the wall of a tube. There exists a large body of information concerning tube formation in various animals but comparatively little is known about how the diameter of a tube is controlled. Gierer [1, 2] proposed that physical forces govern the formation of tubes and in particular control their diameter. Specifically, tissue evagination is described by shell theory, as used in architecture, to account for the interplay between surface curvatures .
Recently an alternative has been discussed [3, 4] . The basic idea is that the epithelium which finally forms a tube is not uniform. Rather, it consists of at least two types of epithelial cells which interact with each other in such a way that the tissue is forced to form a tube with stripes of these different cell types along the long axis of the tube. The diameter of the tissue tube is controlled by the number of stripes and their width.
In this article, we discuss conditions for keeping the diameter of a tube constant and in particular, conditions for forming a tube out of a planar sheet of epithelial cells. Finally, we apply these concepts to polyp formation in Cnidaria. 
Experimental Procedures
The presented simulations are based on the excellent program which Meinhardt [5] developed for calculating patterns in seashells.
Results
A tube of epithelial cells may still contain proliferating cells when it has reached its final diameter. One example is the body column of polyps of Cnidaria. In the freshwater polyp Hydra, epithelial cells continue to proliferate everywhere along the body axis [6] , but the diameter of the body does not increase. The tissue is used to produce polyp buds, indicating a diameter control. It is obvious that when all epithelial cells in the circumference of a tube are identical they can hardly control how many are present in the circumference. Thus it is argued that the cells are not identical. If the circumference contains at least two different populations of cells which form stripes along the long axis of the tube, the diameter of the tube can be controlled via the stripe width ( Figure 2A ). This concept will be explained in the following sections. The substances s a and s b are produced under the regime of g a and g b , respectively (see Eq. 3a and 4a). They provide far-reaching aid (lateral activation) for the production of g b and g a , respectively (see Eq. 1a and 2a). In the presence of high concentrations of g b , g a is no longer produced, and vice versa. Thus a cell is either in state A or in state B (mutual local exclusion). The various compounds are produced at a low basic rate (p i ). They are removed with a compound-specific rate (r i ) and they can diffuse in all directions (Δ i ) with a compound-specific rate (D i ). In the following sections, the populations of cells in state A and B will be called compartments.
Tube formation
In order to get stripes of cells of different states, additional internal or external signals are necessary. An external influence may be provided by contact with a rod as observed in neural tube formation, where contact with the notochord defines the midline of the neural field ( Figure 2D, E ).
An internal influence may be provided by the polar organisation of a tissue. Our assumption is that a certain tissue property, called "positional value" or "sources" in Cnidaria research, changes gradually from the basal to the apical position of a field of cells. The positional value d affects the system of lateral activation of locally exclusive states (denoted by d in equations 3b and 4b) [3, 4] . A simulation of the equations 1a, 2a, 3b and 4b in a field of cells which display a flat gradient of positional values along the y-axis results in stripes of A and B cells parallel to that axis ( Figure 3B ).
The width of the stripes depends on several parameters, such as the diffusion ranges of the activators g a and g b and of the substances s a and s b in the tissue ( Figure 3D , E). Diffusion constants reflect properties of the diffusing molecule, which may not change within an animal. However, they also reflect the properties of the tissue, including the number and types of cell-cell contacts. These properties are assumed to be under the control of the local positional value d and thus can change along the long axis.
In the field of cells proliferation may take place in all stripes at random positions. This causes the field to increase in length and width. When there is no width control, additional stripes form (Figure 4) . When a stripe grows in width, cells in the centre of an A stripe are increasingly less supplied with s b , the substance which causes the lateral activation. In the absence of s b the production of g a ceases (see Eq. 1a), while the selfenhanced production of g b is favoured. As a result, a B-stripe forms in the centre of an existing A-stripe, and vice versa (Figure 4 ).
Width control is obtained when a cell of an A stripe, sensing a certain low threshold concentration of s b , moves (usually a very short distance) to a place where the concentration of s b is sufficiently high (and vice versa for a cell of a B stripe). This very cell moves by squeezing between neighbours, continuing as long as it finds a position closer to the border of the stripe than it was before. Consequently, the stripe width is maintained, while the stripe, and therefore the whole field of cell, grows in length. Through this mechanism, the formation of a new stripe is prevented.
Formation of a tube from a sheet of cells
A well-known example of this type of tube formation is that of the neural tube: a field of cells (the neural plate or its analogue) may have the ability to subdivide into A and B cells. The notochord (or its analogue) may cause a slight local reduction or increase in one of the substances involved in lateral activation. This initiates the patterning of the whole field of cells ( Figure 2D ). Without this contact the patterning and therefore the specific development may not start at all, as observed in neural tube formation. By infolding, a process whereby A cells at the left side come into contact with A cells at the right side, the field of cells transforms into a tube ( Figure 2E ). In neural tube formation this process is well understood. When this tube displays the noted width control, it elongates upon cell proliferation but it does not increase further in diameter when a certain threshold diameter is reached. Thus, an almost circular field of cells (the neural plate) transforms into a long tube with almost constant diameter. Tube formation by dehiscence out of a solid rod of cells may be controlled the same way. It is necessary that A and B cells, rather than A and B precursors, tend to form an epithelium.
When the field of cells (shown in Figure 3B ) transforms into a tube, the tube displays four stripes of different cells, two of each type. The positional value increases along the long axis of this tube ( Figure 3C ). When there is width control as described above, cell proliferation causes this tube to elongate, while the diameter of the tube remains constant when a certain threshold diameter is reached.
In the following sections, we discuss the formation of a tube from a field of cells in the form of a cone-like protrusion. In addition to the conditions proposed above only one is necessary to produce a tube: the width of a stripe is small where the positional value is high.
Tube formation is initiated by a local increase of the positional value (or of the concentration of a certain substance) in a field of cells. Such a local increase may be caused by a mechanism of autocatalysis and lateral inhibition [9] . It results in a cone-like gradient of an activator and/or of positional values. The original model has been modified to also generate low positional values [10] . Assumed is the existence of one activator (a) and two inhibitors (b, c). The activator stimulates its own production (autocatalysis) (Eq. 5) and that of the inhibitors (Eq. 6 and 7). One of the inhibitors, b, antagonizes activator production (lateral inhibition). The inhibitor has a longer diffusion range than the activator. The activator causes an increase of the positional value d, while the other inhibitor, c, antagonizes this increase (Eq. 8). At the site of activator generation, the positional value either increases or decreases depending on the conditions in the surroundings (Eq. 8) [10] . As noted above for equations 1a to 4a, the parameter p i indicates a basic production of the substance i, r i indicates the respective removal rate, D i the respective diffusion constant, and Δ i the diffusion of a substance in all directions.
Initially all cells in a field of cells are assumed to be identical with respect to the substances they contain, except for that one in the centre of the field. In this cell the concentration of the activator a is slightly higher. This causes the positional value d, via autocatalysis and lateral inhibition, to form a cone-like gradient in the field of cells ( Figure 5A ). Now we combine equations 1a, 2a, 3b and 4b and 5 to 8 with the aim to study stripe formation in that tissue which generates a gradient of positional values. Equations 1a, 2a, 3b and 4b are altered in order to allow the positional value to affect the efficiency of the production and diffusion range of g a , g b , s a and s b (Eq. 1b, 2b, 3c and 4c). The influence of d on the diffusion range reduces the width of a stripe with increasing positional value, particularly close to the tip of the future cone-like protrusion. The influence of d on the efficiency of the production of g a , g b , s a and s b causes the stripes to orient along the gradient of positional values, i.e. they become oriented to the tip of the future protrusion.
In the simulation shown, concentric rings form initially ( Figure 5A ), but eventually four populations develop which meet with sharp edges at the site with the maximum positional value ( Figure 5B ). The states A and B alternate in the circumference. This does not appear to be due merely to the fact that in the simulation the cells are assumed to be quadratic. For geometrical reasons, four cells or four populations of cells favor forming in alternating identity, even if the epithelial cells are not quadratic. A population of four is the smallest population which is able to form a circular arrangement; therefore, in instances when the stripes are smallest (where the positional value is maximal), an arrangement of four cells is the most likely one. An arrangement of 6 or 8 cells in the circumference may be disfavoured because such an arrangement is likely to include cells of state A or B in its centre. A group of two cells may recruit two adjacent ones to form a circle-like organizing region in which the state of the cells alternates around the circumference. In any case, the number of groups of founder cells in the circumference of the tip of the future protrusion must be even.
Inevitably the groups of founder cells will elongate into stripes by recruiting cells in their surroundings.
With distance from the tip, the stripes increase in width because the positional value decreases. When there is a mechanism which prevents the increase in width of a stripe above a certain threshold value (see above), four stripes usually form along the new apical-basal axis. When the angle between the two borders of such a new stripe (as measured from the centre of the field) is less than 90°, the centre protrudes in the form of a cone. The key idea is that due to the forced rearrangement of the cells, the morphogenesis of a cone-like protrusion out of a flat sheet of cells is induced. The elongation of this cone results in a tube of almost fixed diameter.
In summary, the conditions for tube formation are: (1) A mechanism which subdivides a field of cells into populations which are in different states (possible mechanism: "lateral activation of locally exclusive states"). (2) A mechanism which prevents the further increase in width of a stripe above a certain threshold. This condition also prevents the formation of a new stripe in the centre of an existing one (possible mechanism: movement of those cells which are not reached by a signalling substance generated by cells of the opposite compartment). 
Application of the model to polyp formation in Cnidaria
Polyps of Cnidaria are tube-shaped. They have only one body opening, called the mouth, which is usually surrounded by a ring of tentacles. In solitary polyps, there is a basal disc at the other end of the body column with which the animals can adhere to a substrate. The best known example is the freshwater polyp Hydra (Figure 1 ). The body wall consists of two cell layers, the ectoderm and the endoderm, both of which largely consist of epithelial cells.
Scyphozoa (Aurelia)
Polyps of Scyphozoa usually display four septa in their endoderm ( Figure 6, 7) . Septa are folds of the endoderm which run from the oral to the aboral body end. This led to the proposition that the endoderm is subdivided The tip of this cone will become the tip of the protrusion. The positional value d is generated by applying Eq. 5 to 8. The positional value influences the efficiency of the production of g a and g b (parameter n g in Eq. 1b and 2b), the efficiency of the production of s a and s b (parameters n s in Eq. 3c and 4c), and the range by diffusion of these substances (parameter q in Eq. 1b, 2b, 3c, 4c). Owing to the interactions, two times two populations of A-and B-cells form which develop into four short stripes originating in the tip of the future cone-like protrusion. Parameters as in Figure 3, into two times two compartments, forming longitudinal stripes (Endo A and Endo B) [3] . Epithelial cells of the same compartment stay together, but form a septum where cells of different compartments meet . Polyps of Scyphozoa can reproduce asexually by producing polyp buds. Initially such a bud is small but already contains four septa. When it grows, the number of septa does not increase. Instead, when a certain body size is passed, the produced tissue is used for asexual reproduction. Budding in Scyphozoa is rather diverse. We will only refer to budding in Aurelia (Semaeostomae) in the following discussion. The morphogenesis of a bud is proposed to start with the generation of a pattern-forming system of autocatalysis and lateral inhibition acting in the body wall of the parent polyp. This pattern-forming system causes a group of cells to increase its positional value in the form of a cone-like gradient [10] . In the centre of this group the positional value is maximal. The centre develops into the apical end (hypostome) of the future polyp, and the periphery into basal structures.
According to the proposed model, a high positional value reduces the width of the endodermal compartments. As a result, the formation of four new compartments is favoured in the very tip ( Figure 5) . In rare cases, by chance a different number of compartments forms, but this number was found to be always even and is therefore consistent with the proposed model [3] . With distance from the tip, and thus with decreasing positional value, the width of the endodermal compartments increases. Because the angle between the two borders of such a new compartment (as measured from the tip of the bud) is less than 90°, the bud rudiment protrudes in the form of a cone. The driving force for the protrusion results from a rearrangement of the former parent cells.
Anthozoa (Actiniaria)
Polyps of Anthozoa have more septa than those of Scyphozoa, and always in an even number. It appears that the gastric pouches, including the septa, are formed by three different types of compartments (Endo A, B, C) [4] . Two of them alternate regularly while the third one is rare. It induces the formation of a certain Anthozoaspecific structure called siphonoglyph ( Figure 7) .
Sexual reproduction in Anthozoa is much better studied than asexual reproduction. In sexual reproduction, a new polyp forms from an initially sphere-like embryo. This embryo elongates and forms septa successively in its endoderm. Initially the cavity is subdivided by two septa, then four, and so on. Septum formation starts at the site of the future mouth of the polyp and always proceeds in pairs. According to the model proposed, in the sphere a pattern-forming system of autocatalysis and lateral inhibition defines an axis (mouth to basal end) by generating a gradient of positional values. The positional value affects a system of "lateral activation of locally exclusive states", as described above. Due to this interaction, at a certain threshold size of the embryo, the endoderm can no longer maintain its initial uniform state. Thus it subdivides into a stripe of cells in state Endo A and a stripe in state Endo B (see Figure 3 ). This subdivision starts at the site of the maximal positional value, because there the smallest compartments can form. This is substantiated by observation (for review see [11] ). Further growth causes further subdivision of the endoderm, and consistent with the model, takes place by pairs of septa. In the various subgroups of Anthozoa the sequence of these events is rather diverse [4] . The most important cause appears to be that in certain Anthozoa, two of the compartments stop growing when a certain width is reached, while the other one does not display such a size control mechanism. It increases in diameter and finally produces a new compartment of one of the other types at its centre (see Figure 4) [4] . This means that a pair of septa forms simultaneously, as observed without exception [11] . As a result, Actiniaria can reach a diameter of several decimeters, while polyps of Scyphozoa and Hydrozoa reach a diameter of only some millimeters. The reason that two compartments form initially and not four, as in Scyphozoa, may be the result of the difference in geometry. In the sexual reproduction in Anthozoa, the subdivision starts in the tip of a spindle-shaped embryo. In the asexual reproduction in Scyphozoa, it starts on the inner surface of a tube.
Hydrozoa (Hydra)
Polyps of Hydrozoa display no septa and no gastric pouches, but there are a few rather weak arguments for the existence of endodermal compartments. (1) Polyps of several Scyphozoa species do not have septa in the basal part of their body column, but four endodermal compartments appear to exist there, as indicated by the four muscle strands which start at the oral disc and run through the septa to almost reach the basal disc ( Figure 6 ). Thus, septum formation is not a necessary consequence of compartment formation. Septum formation may be controlled by several conditions. Only one of them is a compartment border. (2) Cnidaria are proposed to have developed a quadrant organization early in their evolution [12] [13] [14] [15] [16] [17] [18] . Hydrozoa are proposed to derive from such an ancestor. It is difficult to see a reason for Hydrozoa to abolish an effective mechanism for diameter control. (3) Medusae, the sexual generation of Hydrozoa, usually display a quadrant organisation. In the hypostome of many polyps of Hydrozoa four endodermal protrusions are found (Hydra is not typical in this respect). (4) We do not see a simple alternative to the control of tube diameter via the control of the width of longitudinal stripes from which a tube is made.
We suggest polyps and medusae of Hydrozoa have four endodermal compartments in their central tubelike body. The existence of a different multiple of two compartments cannot be excluded.
In contrast to Scyphozoa and Anthozoa, the body wall of Hydrozoa is made by epithelio-muscular cells. Such cells bear at their base two long muscle processes opposite each other. The muscle processes of the ectodermal epithelial cells are parallel to the apicalbasal body axis. Those in the endoderm are oriented perpendicular to them. In macerates of Hydra tissue, the muscle processes display a length between one and three cell diameters [19] . Based on these data, it appears possible that in Hydra the cell bodies of the endodermal epithelial cells form a sharp compartment border while the muscle processes certainly do not. A diffuse border along the apical-basal axis with respect to the muscle processes may be an obstacle for production of a septum.
In Hydra vulgaris the number of endodermal epithelial cells was determined to be about 11 000 [20] . 30 to 50 endodermal cells may form the circumference. The width of one compartment may thus comprise 7 to 13 cells. Based on this rough estimate it is possible that each epithelial cell in an Endo A compartment has direct contact via one of its muscle processes to a cell of an Endo B compartment and vice versa (Figure 8 ). Thus other than in Scyphozoa and Anthozoa the lateral activation may be transmitted via direct contact from cell to cell via muscle processes.
Endodermal epithelial cells proliferate all along the body axis [6] , but the polyp's diameter does not increase when a certain size is reached. During mitosis, the muscle processes retract and the cells round up [19] . Then the processes form anew in the correct orientation. We suggest that according to the model: (1) A daughter cell is forced to keep its cell body in the compartment to which it belongs. A homotypic adhesion is stronger than a heterotypic one. (2) A daughter cell is forced to find contact via one of its new muscle processes to a muscular process of a cell of the opposite compartment. This restricts the width of a compartment and causes the muscular process to align perpendicular to the body axis. Following mitosis, a cell may squeeze between its neighbours or move a short distance up or down the body axis to find the appropriate contact. This causes an elongation of the body column.
If this proposition is correct, then in Hydrozoa polyps of the various taxonomic groups there should be a tight correlation between the diameter of an endodermal epithelial cell, including its muscle processes, and the diameter of the polyp's body column.
There certainly exist further influences on width control, as indicated by the following observations. Initially polyps of Hydra formed by sexual and asexual reproduction are small. Upon feeding they grow to a final diameter more than twice the original one, and upon starvation both the length and the diameter shrink. The number of compartments in the circumference does not change. Whether the size of an epithelial cell, including its muscular process, remains constant is unknown. In contrast, in thecate Hydrozoa the polyp (hydranth) forms in its final size and upon starvation they do not get smaller but rather disintegrate.
Budding in Hydra visibly starts with the formation of a cone-like protrusion at the parent animal (Figure 1, 8A) . Just before evagination, a group of about 800 epithelial cells is visibly recruited for the bud to be produced. In particular, the endodermal cells of this placode are more columnar in shape than in non-budding tissue [21] . Then a peak of endoderm protrudes into a thickened ectoderm. Based on the same observations, Otto [22] suggests the endoderm actively distorts the ectoderm. Subsequently the tip, made from ectoderm and endoderm, elongates to form a cone which, at its base, finally reaches the diameter of the body column of the bud (Figure 1 ). This diameter is maintained during further outgrowth. A bud grows by cell multiplication and to a large extent by cells recruited from the parent animal [23, 24] . Thus, in the course of budding, most epithelial cells have to change the orientation of their muscle processes. In the ectoderm the evagination proceeds initially without reorientation of the muscular fibres [21, 22] . Because of this, Otto concluded that a differential contraction of the ectoderm is not responsible for the onset of budding. In the endoderm the reorientation of the fibres is difficult to recognize and is therefore not studied in detail [21, 22] . According to the model proposed, budding starts with the generation of a cone-like gradient of positional values [10] . This causes the formation of new compartments in the endoderm of the bud rudiment. In the tip of the bud rudiment, the width of the new compartments is extremely narrow. This results from a shortening of the muscular processes of the endodermal epithelio-muscular cells (Figure 8C, D) . (Alternatively, a contact via a large part of the muscular processes is necessary for communication). With increasing distance from the tip, the length of the processes increases to the length observed in the body column. It is thus inevitable that the endodermal epithelial cells orient their muscle Where the positional value is high, the tip of the bud forms. The high positional value causes the endodermal epithelio-muscular cells to reduce the length of their muscular processes to almost zero. In the absence of muscular processes, the system of lateral activation of locally exclusive states favours the arrangement of four cells with alternating compartment identity (upper cell population, tip of the bud). The positional value decreases with increasing distance from the tip, and the muscular processes grow in length (second and third row). The system of lateral activation of locally exclusive states causes the compartments to elongate parallel to the slope of the gradient of positional values (see Figure 3) . The increased length of the muscular processes causes the compartments to increase in width. Shown are cells of the Endo B compartment flanked by one cell of the adjacent Endo A compartments. In each row the muscular processes of two cells (indicated by a dot) are shown, and these have contact with the tips of their processes. When the processes have a length of one cell diameter, the compartment has a width of 6 cell diameters (second row). When the angle between the two borders of a compartment, as measured from the tip of the bud, is less than 90 degrees, the bud rudiment protrudes out of the parent tissue in the form of a cone.
processes perpendicular to the new apical-basal axis. There is a mechanism which prevents the formation of new compartments in the centre of an existing one, as discussed previously. The bud rudiment protrudes in the form of a cone because the angle between the two borders of such a new compartment (as measured from the tip of the bud) is less than 90°. The shape of the cone-like protrusion (see Figure 1) indicates an angle of about 45° of each of the four compartments in the circumference.
The spreading of the compartments in the former parent animal's tissue causes the progress of the morphogenesis of the bud rudiment. We would like to emphasize that this spreading of the compartments in the parent tissue is the reason that a bud largely forms from parent tissue. It should be mentioned that in Scyphozoa a bud also is largely made by tissue of the parent animal ( [25] for Cassiopea andromeda).
Hydra can regenerate its body from aggregates of single cells obtained by cell maceration of adult animals [26] . Such an aggregate develops into a hollow sphere which outer surface is made out of the original ectodermal cells while the inner surface is made out of the original endodermal cells. A large sphere produces several new animals at random positions whereby the tissue of the sphere is used up upon growth of these new animals. It appears that the process by which the new animals form is similar to budding: Initially the endodermal cells may form stripes of the two different compartments in random orientation. Then a patternforming system defines where the positional value will rise locally. At that site small endodermal compartments are forced to form, founding four new compartments in form of stripes. The small compartments dominate the existing pattern of comparatively large compartments at that site (see Figure 5) . The final result of this process is similar to budding: the future apical end of a new animal protrudes out of the originally sphere-like aggregate.
Hydra is able to regenerate its head. Following sectioning, an initially ringshaped body fragment closes its wounds at the apical and at the basal end. In the tissue of the apical end, the pattern forming system becomes active and causes an increase of the positional value then finally a head to form. Similar to budding, in the centre of this tissue four compartments are expected to form in short distance to each other. When a transversal body segment is also cut, parallel to the length axis of the original animal, the obtained two body fragments can be expected to be initially made out of only two endodermal compartments. Such fragments also regenerate missing structures. However, the final diameter of a Hydra regenerating from a complete cross-section and from a half cross-section is found to be identical [27] . According to the proposition made, this occurs because the positional value in the regeneration tissue increases. This causes small compartments to form. Thus, similar to budding, the tissue in the very tip is re-specified with respect to its compartment identity. We expect four compartments to form within the range of the initiated pattern forming system.
In rare cases Hydra sectioned longitudinally through the mouth opening do not regulate the number of tentacles from the initial half amount to the usual normal number. (A detailed study is missing.) We propose the following explanation: The two body halves consist of two compartments. At the apical end the positional value is maximal and thus the pattern forming system is not initiated to regenerate missing apical structures. As a result, the two compartments persist for a long time.
Discussion
We have presented a simple model for tube formation. This model is based on a mechanism of "lateral activation of locally exclusive states" combined with a mechanism of "autocatalysis and lateral inhibition". There are several ways in which a "lateral activation of locally exclusive states" can be accomplished [8] . In fact, a different set of equations as used here have been used elsewhere to describe compartment formation in the endoderm of polyps of Scyphozoa and Anthozoa [3, 4] . This may indicate that it is much too early to discuss details or specific molecules in such a mechanism. In addition, models for pattern formation are certainly much too simple. For example, most, but not all [28] , ignore receptors. However, at this point in the discussion it appears that the simplest assumptions are best to describe the basic features of tube formation. Moreover, it appears to be best that the simplest assumptions can be very easily handled by simulation experiments.
The wall of a tube is proposed to be made from at least two populations of cells which form stripes along the long axis of the tube. These stripes have features of developmental compartments [3, 4] , as they are known from vertebrates and arthropods. However, in vertebrates and arthropods a cell does not usually alter its compartment address. Transdifferentiation is rare. In contrast, in Cnidaria the compartmental state of a cell is usually not fixed. It can change, and in particular must change in the course of asexual reproduction, which does not exist in vertebrates and arthropods. We suggest that the stability of a compartmental address is high in organisms which do not display asexual reproduction, but is low and under dynamic control where asexual reproduction is typical. (Figure 1 ) may serve as an example of tube formation. The initial step is to define a circular field of cells in the body wall of the parent animal. The pattern-forming systems which define this field should simultaneously cause a polar organization of the field, in such a way that cells in the centre develop the apical end of the future animal while the periphery cells develop the basal structures. It is argued that a gradient of positional values causes this polarity [9, 10, [28] [29] [30] [31] . Usually at this stage the various published models for bud formation end.
Budding in Hydra
In this paper, we propose that the positioning and the morphogenesis of a bud is caused by five conditions: (1) An endodermal epithelial cell can exist in one of two states (Endo A or Endo B), whereby cells of identical state stick together, forming a compartment. Cells of different states need each other for survival. They exchange signals for mutual aid ("lateral activation of locally exclusive states" [9, 7] ). (2) There is a mechanism which prevents a compartment from increasing in width above a certain threshold. (3) In the tissue there exists a gradient of positional values and (4) this gradient orients the endodermal compartments [3, 4] . (5) A high positional value reduces the width of a compartment. Therefore, the compartments become smaller towards the future apical end of the bud.
These five conditions force the formation of new compartments in those which already exist when a gradient of positional values is initiated to form there. The new compartments are small in the centre and large in the periphery. It appears that four compartments (two by two compartments) are favoured to form. In this case, if the angle between the left and right borders of a growing compartment is less than 90 degrees, the bud rudiment protrudes in the form of a cone from the parent animal and grows at the expense of parent tissue. This phenomenon is indeed observed in Hydra.
In Hydra a direct contact between an Endo A and an Endo B cell through muscular processes may be necessary for their "lateral activation". Scyphozoa and Anthozoa do not have these cells. In these polyps the respective signals spread over several cell diameters. Hydrozoa are thought to have derived from Scyphozoalike ancestors [12] [13] [14] [15] [16] [17] [18] 32] and therefore the original mode of interaction may be that observed in Scyphozoa.
With respect to Hydra, Wnt signalling was suggested to be an element of the "head organiser" [33] . The arguments are that HyWnt and other members of the Wnt pathway (Hyb-cat and HyTcf) are expressed in the hypostomal tip early in head regeneration and also early in budding. However, HyWnt and in particular Hyb-cat (HyTcf was not tested) are also expressed in foot regenerating tissue, but more weakly and only transiently (Hobmayer, personal communication, [10] ). Furthermore, the time of onset of the expression of HyWnt in head regeneration is highly variable. In some cases expression starts very late, e.g. just before the tentacles visibly appear (Hoffmann and Berking, submitted for publication). Hyb-cat is expressed early, so it may have a leading function. However, at present there are no candidates for gene products to be involved in control of the formation of endodermal compartments.
Another well-known tube is the neural tube of Chordates. The way the neural tube forms is very different in different animals. In certain animals it forms by folding of an epithelium, in others out of a solid mass of cells, but the final outcome is very similar: a tube with almost constant diameter along its whole length. In the tadpole of the Tunicate Ciona "a characteristic of the deuterencephalon at almost all levels is that its lumen is lined by four ciliated ependymo-glial cells, and four rows of these nonneuronal cells run in single files along the length of the caudal CNS." [34] (italics by B. and H.). The neural tube of Chordates displays several longitudinal stripes of certain gene expressions. Various key developmental pathways like BMP signalling, WNTs and Sonic Hedgehog have been found to be involved in control of neural induction, neural tube patterning and cell proliferation in the neural tube. However, there are only hints of how the tube proper forms and how its diameter is controlled (for review see [35] ). In mice, overexpression and removal of the canonical WNT signal transducer β-catenin in the CNS result in hyperproliferation and defects in proliferation [36] . Misexpression of noggin in the dorsal spinal cord reduces cell proliferation [37] . These molecules appear to be involved in the control of tube diameter. We suggest looking for an interaction which involves "lateral activation of locally exclusive states". This is because such a mechanism is able to cause the formation of a tube, even from a chaotic origin, when either there is a mechanism which generates a polarity, (e.g. from anterior to posterior) as proposed for polyps of Cnidaria [4] , or when there is an inducing influence, as proposed for the contact between the notochord and the cells of the future neural tube. As in neural tube formation, the tube-shaped body of Hydra forms by the folding of an epithelium (asexual reproduction), or by selforganization out of a solid mass of embryonic cells (sexual reproduction), or from a solid mass of adult cells (experimentally obtained by dissociation of adult Hydra and aggregation of the obtained single cells [26] ).
Insect appendages start their morphogenesis as a cone-like protrusion. The ectoderm of this cone is longitudinally subdivided into three compartments. In leg formation during Drosophila embryogenesis initially two compartments form. The posterior one is characterized by engrailed expression, the anterior one by wingless expression. The compartmental states mutually depend on each other and mutually exclude each other locally. A cell usually does not change its compartment identity. The compartments thus appear to be governed by a system of "lateral activation of locally exclusive states". Then the anterior compartment is subdivided into a ventral field of cells in which wingless remains active, and in a dorsal field which is characterized by decapentaplegic activity. At the intersection of the three compartments a cascade of gene expression is initiated. These genes cause the formation of the appendage and its patterning. The morphogenesis of the appendage in the form of a cone is argued to result from cell proliferation combined with a width control in the compartments, as described above. Cell proliferation elongates a compartment, but does not increase the width above a certain threshold value. This value gradually increases with distance from the centre, which is the future most distal end of the appendage, thereby causing the compartments to form triangles. Because the angle between the left and the right border of such a triangle is forced to be much less than 120°, the appendage protrudes in the form of a cone out of the parent animal at the end of metamorphosis.
The morphogenesis of vertebrate appendages appears to be similarly organized. An appendage forms at the intersection between four compartments. The ectoderm is subdivided into a dorsal and a ventral part, while the mesoderm is subdivided into an anterior and a posterior part. Similar to insects, interaction between these parts, called "cooperation of compartments" [8] , causes an appendage to form and its patterning. The vertebrate appendage morphogenesis is also argued to be similar. However, width control in the two ectodermal compartments may deliver most of the driving force for the protrusion to form.
We would like to emphasize that our model is unable to describe all types of diameter control in tubes. In particular, tubes with a rigid outer surface appear to control their diameter in a different way. An example of such a tube is the stem of thecate Hydrozoa. The stem is a tube of ectoderm and endoderm covered by a rigid chitinous outer matrix. This matrix displays a species-specific highly-reproducible pattern of ringshaped indentations, widening and annuli. This pattern appears to result from a control of the hardening of the outer skeleton [38] . The skeleton elongates only at the stem tip. There, ectodermal epithelial cells expel the new extra-cellular material. Initially this material is soft but just behind the tip it hardens. The tissue in the tip presses against the rigid wall whilst moving forward [39] [40] [41] [42] . When the hardening occurs some distance away from the very tip, the tissue squeezes out of the hardened part and thus causes the diameter of the newly-formed tube to enlarge. When hardening occurs close to the very tip, at a site where the apical cup of the tissue is still curved, the diameter of the new tube becomes smaller than before. A rhythmic change of the site of hardening in the course of growth causes the formation of annuli. An asymmetric hardening causes a bending of the new tube. The observed pattern of the stem is a time recording of the hardening regime at the growing tip. The actual position of hardening is argued to be controlled by the positional value reached in the growing tip [31] .
The patterning of thecate Hydrozoa is much richer than that of its sister group the athecate Hydrozoa, i.e. Hydrozoa which do not have a cup (theca) surrounding the polyp and in which the stem is usually not covered by an outer skeleton. The gain of new pattern elements by thecate Hydrozoa appears to be largely based on their ability to control the hardening of this skeleton. Based on these observations, it has been suggested that not only in thecate Hydrozoa but also in other animals with a rigid outer surface (e.g. in Arthropods) the shaping of tubes such as the appendages and the body proper may result from a controlled differential hardening [38] . It is argued that the richness of body shapes in the Arthropods results at least partly from the ability of these animals to locally control both the pressure in the tissue and the hardening of the outer surface.
